INTRODUCTION
============

The PIM kinases, which constitute a class of serine/threonine kinase, act as oncoproteins and promote cell survival by transcriptional activation of genes involved in cell proliferation.[@b1-jcp-23-109] The family of PIM kinase consists of three isoforms, PIM-1, PIM-2, and PIM-3. Each of the PIM kinases plays an important role in tumorigenesis. While PIM-1 has been reported to be over-expressed in several hematological and solid tumors PIM-2 is highly expressed in myeloma, lymphoma and leukemia. The elevated expression of PIM-3 has been noted in adeno-carcinomas. Diverse roles that the PIM kinases play in carcinogenesis include multiple myeloma proliferation, anti- apoptosis, cell cycle modulation, and mediating bone destruction.[@b2-jcp-23-109],[@b3-jcp-23-109] PIM kinases could inhibit apoptosis and promote cell cycle progression in prostate cancer and their overexpression relates to the grade and neoplastic transformation.[@b4-jcp-23-109] The overexpression of PIM-1 in breast cancer is related to poor prognosis in HER2- and hormone-negative tumors.[@b5-jcp-23-109] Taken together, PIM kinases play an important role in tumorigenesis, but the mechanism is currently unclear. Here we discuss the signaling mechanisms underlying PIM kinases in tumorigenesis and opportunities for targeting PIM kinases as a treatment for cancer therapy.

PIM KINASE FAMILY MEMBERS
=========================

In the 1980s, the locus of PIM kinase gene in chromosome occur the proviral insertion for activation of PIM kinase gene transcription and PIM kinase gene was found in murine leukemia virus-induced lymphoma.[@b6-jcp-23-109] The overexpression of PIM kinases is associated with a poor prognosis in prostate cancer, establishing the prognostic potential of PIM kinases in cancer.[@b7-jcp-23-109] PIM-1 had significantly lower expression in benign prostatic epithelium than in prostate adenocarcinoma, suggesting that PIM-1 may be a potential biomarker for distinguishing between nonmalignant and malignant prostate tissues.[@b4-jcp-23-109],[@b8-jcp-23-109] Recently, it has revealed that tissues with PIM-1 overexpression have a worse prognosis compared to other cancers, such as breast cancers.[@b5-jcp-23-109] However, the mechanism underlying PIM-1 kinase expression and the treatment and prognosis of human cancers has poorly understood. Thus, it has become an area of increasing interest and a promising therapeutic cancer target.

PIM-2 shares similar oncogenic functions with PIM-1 and highly homologous to PIM-1 kinase.[@b9-jcp-23-109] PIM-2 has three isoforms, PIM-2S, PIM-2M, and PIM-2L. PIM-2 expression decreases the sensitivity of cells to a variety of apoptotic stimuli and responds negatively to growth factor withdrawal.[@b10-jcp-23-109] As an important pro-survival gene, PIM-2 expression has also been observed to be significantly increased in cancers.[@b8-jcp-23-109]

PIM-3, alternatively known as Kid-1, has been characterized as a depolarizing protein in PC-12 cells.[@b11-jcp-23-109] The PIM-3 gene sequence shows highly similarity in the kinase domain and deficient regulatory domains of the *PIM-1*. Similar to other family members, PIM-3 kinase has very important functions in cell apoptosis and the cell cycle.[@b12-jcp-23-109] Abnormal expression of PIM-3 has been reported in different types of cancer, such as liver cancer,[@b13-jcp-23-109] pancreatic cancer,[@b14-jcp-23-109] colon cancer,[@b15-jcp-23-109] and gastric cancer.[@b16-jcp-23-109] Knock- down of PIM-3 by small interfering RNAs reduced human hepatoma cell proliferation demonstrating the important function of PIM-3 in tumor progression.[@b13-jcp-23-109]

CELLULAR TARGETS OF PIM KINASES
===============================

PIM kinases are involved in downstream physiological pathways *via* phosphorylating many cellular substrates, for example, transcriptional modulators including myelocytomatosis (MYC); cell cycle modulators including p21^Cip1/Waf1^ (CDKN1A), p27KIP1 (CDKN1B), and cell division cycle 25A (CDC25A) and 25C (CDC25C); signaling intermediates such as Notch homolog 1, translocation-associated (Notch1); and apoptosis modulators such as BCL-2-associated agonist of cell death (BAD) ([Fig. 1](#f1-jcp-23-109){ref-type="fig"}).

1. MYC
------

MYC is an import transcription factor that regulates cellular processes, such as cell proliferation, microRNA regulation, cell metabolism and anti-apoptosis *via* inappropriate activation and/or inhibition of various signaling pathways.[@b17-jcp-23-109] Among the PIM kinases, especially PIM-1 and PIM-2 have a close relationship with MYC as a collaborating partner in tumorigenesis.[@b18-jcp-23-109] MYC is phosphorylated at Thr-58 and Ser-62 of the N-terminal domain by PIM kinases. Moreover, PIM-1 and PIM-2 phosphorylate MYC at Ser-62 and Ser-329, respectively, thereby increasing the stability of MYC protein and enhancing MYC transcriptional activity for targeting E2F2 and nucleolin.[@b19-jcp-23-109] MYC contains basic helix--loop--helix zipper (bHLHZ) domain that heterodimerizes with the small bHLHZ protein MYC-associated factor X (MAX), and then binds with the E-box sequence. PIM-1 forms a complex with the MYC-MAX heterodimer *via* the MYC Box II (MBII) domain.[@b20-jcp-23-109] MYC could recruit PIM-1 to E-boxes by a direct protein--protein interaction, allowing PIM-1 to phosphorylate Histone H3 on Ser10 (H3S10), contributing to transcriptional activation ([Fig. 2](#f2-jcp-23-109){ref-type="fig"}).[@b21-jcp-23-109]

2. p21^Cip1/Waf1^ and p27^kip1^
-------------------------------

PIM kinases play a key role in the cell cycle regulation *via* influencing p21^Cip1/Waf1^, p27^Kip1^, and CDC25A/C. The p21^Cip1/Waf1^, a tumor suppressor protein,[@b1-jcp-23-109] acts as an inhibitor of cell cycle progression. p21^Cip1/Waf1^ combines with cyclins and cyclin-dependent kinases (CDKs), forming heterotrimeric complexes.[@b22-jcp-23-109] In association with CDK2 complexes, it can decrease the kinase activity and inhibit the cell cycle at G1/S phase transition. p21^Cip1/Waf1^ may also be involved in the assembly of CDK4/CDK6 and cyclin D, and regulating the catalytic activity of CDKs. PIM-1 can phosphorylate p21^Cip1/Waf1^ at Thr-145 to influence the cell cycle and thereby contribute to promoting cell proliferation by affecting the cellular localization and stability of p21^Cip1/Waf1^.[@b23-jcp-23-109] p27^Kip1^ belongs to the Cip/Kip family and it has similar function with p21^Cip1/Waf1^. p27^Kip1^ arrests cell cycle at the G1 phase via inhibitory binding to CDK2/cyclin E or other CDK/cyclin complexes.[@b22-jcp-23-109] PIM kinases prompt its binding to 14-3-3 proteins by phosphorylating p27^Kip1^ at Thr-157 and Thr-198, leading to nuclear exclusion and degradation of p27.[@b12-jcp-23-109],[@b16-jcp-23-109] PIM kinases mediate phosphorylation and inactivation of fork-head transcription factors, FOXO1a and FOXO3a, which are involved in *p27^Kip1^* transcriptional repression.[@b24-jcp-23-109] PIM kinases participate in tumorigenesis and cell cycle progression through downregulating p27^Kip1^ expression at both of the transcriptional and post-translational levels ([Fig. 2](#f2-jcp-23-109){ref-type="fig"}).

3. CDC25A/C
-----------

The CDC25 protein family is involved in the activation of CDKs *via* de-phosphorylation at conserved Thr-14/Tyr-15 inhibitory phosphorylation sites.[@b25-jcp-23-109] CDK2 is the primary substrate of CDC25A and its activation allows progression through the G1/S and intra-S checkpoints. CDC25A exerts its activity *via* a variety of mechanisms, for example, ubiquitination, phosphorylation, and inhibitory binding to 14-3-3 proteins.[@b26-jcp-23-109] PIM-1 kinase can directly interact and phosphorylate CDC25A, thereby enhancing CDC25A phosphatase activity. On the other hand, PIM-1 activates c-Myc-mediated apoptotic signaling by upregulating CDC25A ([Fig. 2](#f2-jcp-23-109){ref-type="fig"}). It has been reported that both c-tat-associated kinase (TAK1) and checkpoint kinase (CHK) 1/2 phosphorylate CDC25C at Ser216 in the DNA damage response and regulate the G2/M checkpoint of the cell cycle.[@b26-jcp-23-109] Thus, as a substrate of PIM-1, the inhibition of CDC25C by PIM-1 would arrest cell cycle at G2/M phase transition.

4. Notch
--------

Notch proteins have four isoforms: Notch1, 2, 3, and 4; they belong to a family of transmembrane receptors. Notch activity affects cell differentiation, proliferation, and apoptotic processes, furnishing a general tool to influence cellular mechanism, such as organ formation and morphogenesis.[@b27-jcp-23-109],[@b28-jcp-23-109] Notch signaling plays an important role in tumor progression and is frequently deregulated in malignancies. It has been reported that high expression of Notch1 caused epithelial-to-mesenchymal transition which corroborates to the poor prognosis, and increased glycolytic metabolism in breast cancer.[@b27-jcp-23-109] All PIM kinases can phosphorylate Notch1 at Ser-2152 and enhance the transcriptional activity and nuclear localization of the Notch1 intracellular domain in breast and prostate cancer cells.[@b28-jcp-23-109]

5. BAD
------

BAD is a pro-apoptotic member of the B-cell lymphoma (Bcl)-2 family that promotes cell death by displacing Bax from binding to Bcl-2 and B-cell lymphoma-extra large (Bcl-xL).[@b29-jcp-23-109] Various cell survival factors can phosphorylate BAD at Ser-112/Ser-136 and Ser-155 *via* activating intracellular signaling pathways to inhibit the apoptotic activity of BAD. Only the non-phosphorylated BAD heterodimerizes with Bcl-xL at membrane sites to promote cell death.[@b30-jcp-23-109] Phosphorylation at these sites after binding with BAD promotes the binding of Bad to 14-3-3 proteins, thus preventing the association between Bad with Bcl-2 and Bcl-xL.[@b31-jcp-23-109] PIM-1 phosphorylates Bad at Ser-112, which is an executional site for its inactivation, enhancing Bcl-2 activity and promoting cell survival ([Fig. 2](#f2-jcp-23-109){ref-type="fig"}).[@b32-jcp-23-109] PIM-2 has three isoforms, and the short one (PIM-2S \[34 kDa\]) has strongest function in enhancing cell survival.[@b33-jcp-23-109] PIM-2 can also phosphorylate the pro-apoptotic protein BAD on Ser-112, which accounts in part for its ability to reverse BAD-induced cell death.[@b34-jcp-23-109] It also suggests that it has a high homology with PIM-1. Interestingly, the same function is also present in PIM-3 kinase. Some reports have suggested that PIM-3 can inhibit BAD by phosphorylating Ser-112 site in human cancer cells, for example, colon cancer and pancreatic cancer cells, and thus may attenuate apoptosis and promote progression of cancer.[@b15-jcp-23-109],[@b34-jcp-23-109]

ROLES OF PIM KINASES IN CANCER SIGNALING PATHWAYS
=================================================

Serine/threonine kinases and their phosphorylated forms play critical roles in a wide range of biological processes, such as tumorigenesis. Each phospho- (serine/threonine) kinase phosphorylates serine or threonine within a specific motif. Both the PIM family and protein kinase b (PKB)/AKT family belong to the serine/threonine protein kinases family and both play important roles in cancer development.[@b35-jcp-23-109] PIM kinases have constitutive activity, and the half-lives of their mRNA and proteins are relatively short. EPH-like tyrosine kinase (ETK) phosphorylates PIM-1 at the Thr-218 residue, and this process is involved in the interlukin (IL)-6-induced activation of androgen-mediated transcription. Furthermore, protein phosphatase 2 (PP2A) can decrease the stability of PIM kinases.[@b36-jcp-23-109] This illustrated the relevance between this phosphorylation and PIM activity, although it occurred in either autologous or heterologous manner. PIM proteins have reported to consist of more than 30 potential recognition sequences of different kinases.

PIM genes are rapid response genes which are induced upon exposure to mitogenic stimuli including interleukins, granulocyte-colony stimulating factor, granulocyte-macrophage colony-stimulating factor, and interferons. PIM kinases participate in the janus kinase/signal transducers and activators of transcription (JAK/STAT) pathways. JAK and STAT proteins are activated by the binding of cytokines and growth factors with their cognate receptors, and the amplification of JAK-STAT signaling promotes tumor progression, cell motility, angiogenesis, immune responses, and stem cell differentiation.[@b9-jcp-23-109] Upon cytokine exposure, JAK kinase phosphorylates the cytoplasmic receptor domain of cytokine receptors and recruits STAT proteins. Subsequent phosphorylation of STATs by JAK leads to the dimerization and nuclear translocation of STAT. In the nucleus, activated STATs transcribe target gene expression by binding to specific promoter regions. For example, STAT3/STAT5 binds to the promoter region of PIM-1 and initiates transcription for PIM-1 gene expression.[@b37-jcp-23-109] PIM-1 works as a negative feedback regulator of the JAK/STAT5 pathway by interaction with suppressor of cytokine signaling (SOCS) proteins in hematopoietic cells.[@b38-jcp-23-109] PIM-1 also contributes to tumorigenesis through the regulation of transcriptional activities of MYC translation of cap-dependent protein, and cell cycle progression.[@b18-jcp-23-109],[@b19-jcp-23-109],[@b39-jcp-23-109] The control of survival signals by PIM-1 has mainly regulated by the phosphorylation of BAD protein. In myeloma, stromal-derived factors, like IL-6 or the TNF family of cytokines, regulate PIM-2 *via* NF-κB signaling pathways and it plays an important role in myeloid leukemia cell survival and stress adaptation. Furthermore, PIM-1 and PIM-2 have been reported to be upregulated by the activation of NF-κB or homeobox protein HoxA9 in response to Fms-like tyrosine kinase/internal tandem duplication, mixed-lineage leukemia or myeloid-lymphoid leukemia (MLL)-X, and MLL-partial tandem duplication oncogenic mutants. For PIM-3 gene expression, the promoter region contains one NF-B, two Sp1, and two Ets-1 binding sites as well as a binding site for STAT3.[@b40-jcp-23-109] PIM-1 kinase synergistically induces STAT3-mediated cell cycle progression and anti-apoptotic phenomenon. Popivanova et al.[@b15-jcp-23-109] have demonstrated that PIM-3 might also synergistically enhance the malignant phenotype induced by STAT3-mediated signals in colon cancer. For the regulation of PIM expression, mi-R1 and mi-R210 microRNAs could control transcriptional gene levels of PIM-1 in tumors.[@b41-jcp-23-109]

PIM KINASES ACT AS THERAPEUTIC TARGETS
======================================

PIM kinases received much attention for anticancer drug development since they have aberrantly expressed in distinct cancer types. Some small molecule inhibitors directly targeting the adenosine triphosphate (ATP)-binding domain of PIM proteins have been developed and already been well-researched for getting into clinical trials ([Table 1](#t1-jcp-23-109){ref-type="table"}).

SGI-1776, the first PIM-1 inhibitor that targets all three PIM kinases, has been tested in clinical trials in non-Hodgkin lymphoma and prostate cancer patients. Chen et al.[@b42-jcp-23-109] found that SGI-1776 suppressed acute myeloid leukemia (AML) by reducing Mcl-1 transcription activity, which is part of the Bcl-2 anti-apoptotic family. Two clinical trials of SGI-1776 have been carried out and both sponsored by Astex Pharmaceuticals (*NCT00848601, NCT01239108*). The first one was withdrawn prior to enrollment because it showed dose-limiting toxicity in cardiac electrical cycle (QTc) prolongation. The second one has terminated in the phase I study in patients with refractory prostate cancer and lymphoma because of its toxicity on cardiac QTc prolongation.

AZD1208, a pan-PIM kinase inhibitor, showed antitumor effects by acting on multiple pathways, such as apoptosis, proliferation, translation, and vesicular transport. Kreuz et al.[@b43-jcp-23-109] and Kirschner et al.[@b44-jcp-23-109] reported that AZD1208 treatment leads to decrease proliferation of non-Hodgkin lymphoma cell lines and prostate cancers by inhibiting PIM kinase activities and MYC mediated activities, as evaluated by knock-down of PIM or RNA-sequencing and microarray analysis. The safety, tolerability, efficacy, and pharmacokinetics of AZD1208 have been evaluated by clinical trials in AML patients and advanced solid malignancies (*NCT01489722*, *NCT01588548*, AstraZeneca). The global phase I study to assess the safety and tolerability of AZD1208 in malignant lymphoma and advanced solid tumors has been completed in October 2015. The results showed that AZD1208 has been tolerated up to 700 mg and induced CYP3A4 activity, and the mean half-life after treatment with a single dose was \~37.2 hours (minimum 18.9 hours; maximum 103 hours).[@b45-jcp-23-109] Although they failed to find the clinical significance, some of patients observed the decrease of pBAD Ser-112 expression and prostate-specific antigen in AML or prostate cancer patient samples.

LGH447 is an orally bioavailable small-molecule inhibitor of the PIM kinases with activity against all three PIM isoforms.[@b2-jcp-23-109] LGH447 interrupts G1/S cell cycle transition and affects the expression of different pro-apoptotic proteins such as Bcl-2 by inhibiting PIM kinase activities. In PIM-2-dependent multiple myeloma, LGH447 application significantly decreased cell proliferation and mTOR-C1 signaling in mouse subcutaneous xenograft models.[@b46-jcp-23-109] Raab et al.[@b47-jcp-23-109] carried out the first-in-human phase I dose-escalation study on LGH447 in 54 patients with relapsed/refractory multiple myeloma. LGH447 single-treatment activity was dominant at doses \> 150 mg among the 48 evaluable patients, and the other five patients (11%) had partial or better responses at doses ranging from 150 to 500 mg. This study indicated that LGH447 has a potential therapeutic role in multiple myeloma patients.

Even though PIM protein has been overexpressed in various kinds of cancer, it still considered as "weak" oncoproteins because they require an accompanying oncoprotein to exert their tumorigenic properties. Thus, trial of the combination therapy along with PIM inhibitors and chemotherapeutic drugs has led to a remarkable progress.

Pan-PIM inhibitor AZD1208 and dual-mTORC1/2 inhibitor AZD2014 combination has firstly performed in AML. This combination therapy was demonstrated to successfully arrest protein synthesis and induce mitochondria-mediated apoptosis through simultaneous inhibition of the mTORC1/2 pathway and synergistically attenuated AML growth by effectively suppress heat shock factor pathway by uncovering the master negative regulation of heat shock factor 1 (HSF1).[@b48-jcp-23-109] Thus, it appears as an attractive approach to combine PIM kinase inhibitors with other oncoprotein inhibitors in designing new cancer therapy.

Similar combination trial has ever tried in mantle cell lymphoma (MCL). As a potent and selective PIM kinase inhibitor, SGI-1776 has considered to combine with an alkylating agent, bendamustine, to solving its cytotoxicity showed on Phase II clinical trial in MCL and CLL. SGI-1776 and bendamustine combination therapy showed augmented cellular response compared to single agent treatments in respect of promoting DNA damage response and DNA, RNA and protein synthesis as well as inducing apoptosis.[@b49-jcp-23-109]

Apart from the synthetic compounds, some natural fractions and small molecule inhibitors could also attenuate cell growth and inhibit tumorigenesis *via* targeting PIM kinase.

Quercetagetin was a special inhibitor of PIM-1 kinase with an IC~50~ of 0.34 μmol/L,[@b50-jcp-23-109] and its administration effectively attenuated PIM-1 activity in nasopharyngeal carcinoma cells, decreased cell proliferation and migration.[@b51-jcp-23-109] Compared to other serine-threonine kinase families, quercetagetin showed better affinity to PIM-1 (9- to 70-fold higher) than RSK2, PKA, and PIM-2.[@b50-jcp-23-109]

Hispidulin is a natural flavone extract from plants of the Asteraceae with a broad spectrum of biological activities. Hispidulin was identified as a PIM-1 specific inhibitor with an IC~50~ of 2.71 μM.[@b52-jcp-23-109] Hispidulin was reported to exert antitumor activity in colorectal cancer cell lines and xenograft animal model as evidenced by inhibition of cell growth, invasion and induction of apoptosis. Moreover, the compound can also repress the expression of PIM1 by suppressing JAK2/STAT3 signaling through the generation of reactive oxygen species.[@b53-jcp-23-109]

PERSPECTIVES
============

PIM kinases have been well studied as a potential therapeutic target for developing anti-cancer drugs due to their pivotal roles in cancers. Till to date, most of the PIM kinase inhibitors that undergone clinical trials have been developed as pan-specific ATP binding agents. In addition to these drugs, some natural compounds, such as hispidulin, can potentially suppress tumor growth by inhibiting PIM kinases. Hispidulin induced mitochondrial-mediated apoptosis and suppressed the P13K/AKT signaling pathway in HepG2 cells, suggesting that hispidulin maybe developed as a therapeutic agent of liver cancer.[@b54-jcp-23-109] It has been reported that single nucleotide polymorphisms in the PIM-1 gene are correlated with increased risk of lung cancer in Korean patients.[@b55-jcp-23-109] Overexpression of PIM-2 kinase in AML patients was knocked-down by PIM-2 RNAi and strongly reduced the accumulation of oncogenic proteins. PIM-3 has also reported in B-cell lymphomas.[@b56-jcp-23-109] Because of the expression of PIM kinases by oncogenic JAK-STAT signaling cascades and the pivotal role of PIM kinases in regulating MYC-transcription factor mediated cell cycle progression, designing novel class of PIM kinase inhibitors and evaluating their efficacy in controlled clinical trials would lead to generation of new anticancer drugs.
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![The substrates of PIM (proviral integration site for moloney murine leukemia virus) kinase. PIM activates genes transcription and cell cycles, and inhibits apoptosis of cells by directly or indirectly regulation of targets. PIM directly phophorylates myelocytomatosis (MYC) (Ser62/Ser329), cell division cycle 25A (CDC25A), and Notch homolog 1, translocation-associated (Notch1) (Ser2152) for triggering transcriptional activation and cell cycles to promoting cancer cell proliferation. Phosphorylation by PIM also inactivates p21^Cip1/Waf1^ (Thr145)/p27^Kip1^ (Thr157) and BCL-2-associated agonist of cell death (BAD) (Ser112) for prohibiting cell cycle regulation and apoptosis. PIM possibly phosphorylates C-X-C chemokine recepter type 4 (CXCR4) thereby enhances chronic lymphocytic leukemia cell survival, and decreases reactive oxygen species (ROS) by regulation of Nrf2 in the hypoxic tumor cells.](jcp-23-109f1){#f1-jcp-23-109}

![Signaling pathways involving PIM kinase. Up-stream target proteins of PIM (proviral integration site for moloney murine leukemia virus) kinase are janus kinase/signal transducers and activators of transcriptions (JAK/STATs) and their activations cause to stimulate PIM kinase. Activated PIM kinase boosts its downstream signaling targets, such as myelocytomatosis (MYC), BCL-2-associated agonist of cell death (BAD), p21^Cip1/Waf1^/p27^Kip1^, and cell devision cycle 25 (CDC25), and regulates gene transcription, cell cycle progression, and apoptosis.](jcp-23-109f2){#f2-jcp-23-109}

###### 

PIM kinase inhibitors in clinical trials

  -------------------------------------------------------------------------------------------------------------------------------------
  Drug       Structure   Phase of development   Clinical trial identification   Targets     Disease
  ---------- ----------- ---------------------- ------------------------------- ----------- -------------------------------------------
  AZD1208                Phase I                NCT01489722                     Kd:         Acute myelogenous leukemia (AML)

                         NCT01588548             PIM1: 0.2 nM                               

                                                 PIM2: 0.88 nM                              

                                                 PIM3: 0.76 nM                              

  SG1-1776               Phase I                NCT00848601                     IC~50~:     Refractory prostate

                         NCT01239108             PIM1: 7 nM                                 

                                                 PIM2: 363 nM                               

                                                 PIM3: 69 nM                                

  LGH447                 Phase I/II             NCT02160951                      PIM1/2/3   Multiple myeloma\
                                                                                            Relapsed and refractory multiple myeloma\
                                                                                            AML and high risk\
                                                                                            MDS myelofibrosis\
                                                                                            Multiple myeloma

                         NCT02144038                                                        

                         NCT02078609                                                        

                         NCT02370706                                                        

                         NCT01456689                                                        
  -------------------------------------------------------------------------------------------------------------------------------------

MDS, myelodysplastic syndrome.
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